Abstract: An understanding of the photoisomerization mechanism of molecules bound to a metal surface at the molecular scale is required for designing photoswitches at surfaces. It has remained a challenge to correlate the surface structure and isomerization of photoswitches at ambient conditions. Herein, the photoisomerization of a self-assembled monolayer of azobenzene-thiol molecules on a Au surface was investigated using scanning tunneling microscopy and tip-enhanced Raman spectroscopy. The unique signature of the cis isomer at 1525 cm À1 observed in tip-enhanced Raman spectra was clearly distinct from the trans isomer. Furthermore, tip-enhanced Raman images of azobenzene thiols after ultraviolet and blue light irradiation are shown with nanoscale spatial resolution, demonstrating a reversible conformational change. Interestingly, the cis isomers of azobenzene-thiol molecules were preferentially observed at Au grain edges, which is confirmed by density functional theory.
Molecular switches, which undergo molecular-scale motion upon external stimuli, are very promising for molecular electronics and high-density data storage. However, a deeper understanding of their mechanical and electronic properties at the molecular level is required for developing applications in the areas of information processing, energy, and biology. [1] [2] [3] [4] Of the various molecular switches studied, azobenzene and its derivatives adsorbed on surfaces, one of the most thoroughly investigated classes of molecular switches, [5] [6] [7] have attracted considerable attention in the last few years thanks to their practical applications as nanomotors, [8] in adaptive imaging, [9] and as energy storage devices [10] when binding to adaptive surfaces. The photoisomerization of azobenzene can be triggered by illumination at the appropriate wavelength. Azobenzene undergoes trans-to-cis isomerization when irradiated with ultraviolet (UV) light (365 nm). The conformational change can be reversed by blue light (450 nm), but it can also be caused thermally in the dark owing to the greater thermodynamic stability of the trans isomer. [6, [11] [12] [13] Moreover, the isomerization can be induced mechanically, [14] thermally, [15] and electrostatically. [16] Photoisomerization of different molecular switches, for example 3,3',5,5'-tetra-tert-butyl-azobenzene (TBA), [17] 3,5-di-tert-butyl-N-(3,5-di-tertbutylbenzylidene) aniline (TBI), [18] or azobenzene thiol (ABT), [19] adsorbed on an Au(111) surface has already been demonstrated. The mechanism governing the isomerization behavior of azobenzenes in solution, which is based on n-p* [20, 21] or p-p* [22] electronic transitions, is well understood from ultrafast time-resolved studies such as coherent resonant Raman scattering. [23] [24] [25] However, the mechanism of the photoisomerization of azobenzenes is quite different when they are in direct contact with a metal surface, in contrast to the photoswitching in solution. The observation that azobenzene fails to isomerize on Au(100) or Cu(111) shows a strong substrate dependence. [26] To date, questions about the switching mechanism of surface-bound molecules under ambient conditions remain.
For a complete understanding of the isomerization processes of ABT on a Au surface, it is important to provide information on both the surface structure and the molecular fingerprint with nanometer spatial resolution, so that the relationship between structure and chemical behavior can be established. [27] [28] [29] Tip-enhanced Raman spectroscopy (TERS) is a near-field optical technique that combines the advantages of scanning probe microscopy (SPM) and plasmon-enhanced Raman spectroscopy. [30] [31] [32] [33] [34] In this method, an electrochemically etched Ag or Au tip amplifying the electromagnetic field of incident laser light enhances the Raman signal of sample molecules located close to the tip. TERS possesses high spatial resolution and high sensitivity, down to the single molecule level. [28, 35] TERS is ideally suited to study defects and step edges, which may play a significant role in surface reactions. [36] Only very few studies have so far addressed the photoswitching properties of metal-surface-bound ABT at ambient conditions, under which molecular switches are used in practical applications. [2, 37] The photoisomerization of ABT and an ABT derivative has been probed by surface-enhanced Raman spectroscopy [12] and scanning tunneling microscopy (STM) [37] at ambient conditions, respectively. The reversibility [12] and a cooperative mechanism [37] of the photoisomerization were shown.
Herein, we report the investigation of the isomerization mechanism of an ABT self-assembled monolayer (SAM) on a template-stripped (TS) Au surface [38] (Supporting Information, Figure S1 ) using ambient STM-TERS, taking advantage of the strong scattering properties of ABT. The reversible photoisomerization behavior of an ABT SAM on a Au surface was demonstrated, based on the presence or absence of the characteristic vibrational mode at 1525 cm À1 of the cis isomer after UV irradiation (ex situ). Furthermore, TERS maps were used to monitor the isomerization of ABT, and to obtain the local information of the reactivity. Interestingly, the cis isomers of ABT molecules were preferentially observed at the grain edges of Au. This is ascribed to the lower reaction energy of trans-to-cis isomerization at Au steps owing to the shift of d bands and different molecular orientation. These results underline that grain edges play a significant role in the photoswitching behavior of surfacebound molecules.
TER spectra of the ABT SAM before and after UV irradiation for 5 min are shown in Figure 1 A. One can see new peaks appearing at 1525 cm À1 and 1107 cm À1 (weak band) after the sample was irradiated with 365 nm light. The peaks at 1525 cm À1 and 1107 cm À1 correspond to the u sym (N = N) mode, and the C À N stretching/ring breathing modes of the cis isomer, respectively. Their presence clearly indicates that trans-to-cis isomerization of ABT occurred. To gain further insight into the Raman peaks observed in the TER spectra and their correlation with the trans-cis photoisomerization of azobenzene thiol molecules, B3LYP/6-31G* calculations [12] of the Raman spectra of the trans and cis isomers of ABT were performed. The dependence of the spectrum on the mole fractions of the two isomers is shown in Figure 1 B. The calculated frequencies were multiplied by a scaling factor of 0.97 to correct for the anharmonicity. [39] The cis spectrum is an order of magnitude weaker than the trans spectrum. The intensity decrease of the cis spectrum may be due to the loss of conjugation of the cis isomer and the consequent reduced polarizability and Raman intensity. [12] To compensate for this intensity difference, the intensity of the cis isomers spectrum was magnified 10-fold. To have a better view of the modes, all the Raman peaks were normalized to the most intense Raman peak in each spectrum. We assigned the Raman peaks of ABT according to the calculated spectra (see the Supporting Information, Figure S2 ). The peaks at 1145 cm À1 and 1186 cm À1 are skeletal modes with CÀN stretching and ring breathing components. The band at 1418 cm À1 corresponds to the in-plane ring bending mode with a minor contribution from the N = N stretching mode of the trans isomer. The Raman peak at 1447 cm À1 is the H À C À H bending mode of the alkyl group. The peak at 1465 cm À1 is predominately an N=N stretching mode of the trans isomer with minor contributions from the in-plane ring bending mode of the benzene group and the HÀCÀH bending mode of the alkyl group. The band at 1600 cm À1 is a C = C stretching mode. [40, 12] Upon trans-to-cis isomerization of ABT, the u sym (N = N) frequency shifts from 1465 cm À1 to 1525 cm À1 , while, the C À N stretching/ring breathing mode shifts from 1145 cm À1 to 1107 cm À1 . Since the most intense Raman peak of the cis isomer is at 1525 cm À1 , it can be used as a reporter peak. After UV irradiation, all of the peak intensity ratios between the trans peaks and the 1600 cm À1 band belonging to both the trans and cis isomers of the ABT SAM decrease (Supporting Information, Table S1 ), which also indicates the trans-to-cis isomerization of ABT. Based on the simulated spectra for different molar ratios of the two isomers, the TER spectrum of the ABT SAM after UV irradiation shown in Figure 1 A is in good agreement with a trans/cis molar ratio equal to 1:1 (see the Supporting Information, Figure S3 ). The low intensity of the peak at 1107 cm À1 could be due to TERS surface selection rules. [35] The photoisomerization behavior of an ABT SAM on a semi-transparent Au surface was first verified using UV/Vis spectroscopy. The absorbance difference at 340 nm of the ABT SAM before and after UV irradiation is shown in the Supporting Information, Table S2 . The absorbance at 340 nm decreases upon irradiation by UV light, confirming that transto-cis photoisomerization on the Au surface takes place. Moreover, when the irradiation time is prolonged from 5 min to 15 min, the value remains the same. This indicates that the steady-state trans-to-cis isomerization yield of the ABT SAM is already reached after a UV irradiation time of 5 min. Upon irradiation with blue light for 15 min, the absorbance at 340 nm recovers, indicating cis-to-trans isomerization.
The lifetime of the cis isomers on a Au surface is of great importance. The absorbance change at 340 nm of an ABT SAM on a Au surface after UV irradiation as a function of time is shown in the Supporting Information, Figure S4 . The plot was fitted to an exponential function. The thermal backreaction on the surface is dominated by first-order kinetics with a reaction rate constant of 5.67 10 À5 s À1 . The lifetime of the cis isomer on the Au surface is thus around 5 h, which is sufficient for the acquisition of a TERS map. Isomerization of Figure 1 . A) TER spectra of an ABT SAM before and after ex-situ UV irradiation for 5 min, as well as a spectrum with the tip retracted. The blue bars indicate the Raman peak at 1525 cm À1 and 1107 cm À1 , which are characteristic for the cis isomer. B) Simulated Raman spectra of the trans and cis isomers of ABT with different mole fractions of the two isomers.
ABT in ethanol solution is shown in the Supporting Information, Figure S5 .
TERS maps of an ABT SAM on a TS Au surface before and after irradiation of UV light were collected. Since the characteristic peak of the cis isomer is at 1525 cm À1 , which is in the region where spurious peaks from carbonaceous decomposition products usually appear, a very low laser power and a short exposure time were used to collect the TERS maps. Figure 2 shows the TERS peak intensity ratio (1525 cm À1 peak/1143 cm À1 peak) maps of the ABT SAM on the Au surface before and after UV irradiation for different times. A dark blue color corresponding to 0 in the scale bar indicates that there is no Raman peak at 1525 cm À1 in that particular region. In Figure 2 A, we can barely see the cis peak. After the ABT SAM was irradiated with UV light for 5 min, the Raman peak at 1525 cm À1 appeared much more frequently than before, indicating that a fraction of the ABT molecules underwent a trans-to-cis isomerization (Figure 2 B) . This peak is irregularly distributed and present in 29 % of all the pixels. To assess the variability of the peak at 1525 cm À1 associated with the isomerization of ABT, principal component analysis (PCA) on Figure 2 B was performed. PC1 corresponds to the TER spectrum of trans isomer, while PC2 may correspond to that of trans and cis isomers (Supporting Information, Section S3). Only a very small contribution from PC3, which stems from carbon contamination, is present in the spectra. This suggests that sample decomposition is minor.
When the exposure time was increased to 15 min, the presence of the Raman peak at 1525 cm À1 in the whole map was slightly decreased to 26 %, which is a bit surprising. We interpret this to be due to the thermal back-reaction during the TERS mapping (Figure 2 C) . From the data in Figure 2 C, the spatial resolution was estimated to be around 10 nm based on a full-width at half-maximum (FWHM) analysis (Supporting Information, Figure S8 ).
Another sample preparation method was tested to check the different isomerization rate of ABT in ethanol solution and as a SAM on the Au surface. ABT in ethanol solution was first irradiated with UV light for 5 min and then deposited onto a Au surface, which takes circa 120 min. Finally, the TERS map of the ABT SAM sample was collected (Figure 2 D) . The proportion of the cis peak in the whole map is 23 %, which is smaller than that in Figure 2 B. This indicates that a fraction of the ABT molecules present as cis isomers must have reacted back to the trans isomers, while assembly on the Au surface was carried out. When ABT molecules are bound to a metal surface, the lifetime of the cis isomers decreases.
The ABT SAM on the Au surface was irradiated with UV light for 5 min and then irradiated with blue light for 5 min. The TERS map and the corresponding STM image are shown in Figure 3 . The fraction of pixels showing the cis peak in the whole map is 14 %, much smaller than that in Figure 2 B and Figure 2 C. This indicates that most of the cis-ABT molecules had isomerized back to the trans form. However, we clearly observe a ribbon of cis ABT located in the middle of the map, making up 72 % of all pixels containing the cis peak. Interestingly, when comparing the topography collected simultaneously with the TERS map (Figure 3 B) , we found that this cis ribbon is situated at a place where there is a Au grain edge. Moreover, the TERS peak intensity ratio (1418 cm À1 /1600 cm À1 ) map is complementary to the TERS peak intensity ratio (1525 cm À1 /1600 cm À1 ) map (Supporting Information, Figure S9 ). Two further peak ratio maps of ABT adsorbed at terraces and grain edges of Au before UV illumination are shown in the Supporting Information, Figures S10 and S11. One can barely see any peak from the cis isomer. Moreover, there is no obvious decrease of the (1418 cm À1 /1600 cm À1 ) peak intensity ratio in the region where there is a Au grain edge (Figures S10 B,C and S11 B,C), which indicates that the complementary peak intensity ratio maps shown in Figure S9 are not induced by different orientations of molecules adsorbed on grain edges. Therefore, the results shown in Figure S9 clearly suggest that the cis-to-trans isomerization at the grain edge of Au is slower than that on the terrace.
To confirm that the isomerization behavior at grain edges of Au is different from that on terraces, several highresolution TERS measurements going across a terrace and a grain edge on Au were performed, and the results are shown in Figure 4 and the Supporting Information, Figures S12 and S13. We observed that the peak at 1525 cm À1 has a strong preference to be observed at Au grain edges (Figure 4 B and Figures S12 B and S13 B) . Moreover, all of the peak intensity ratios between trans peaks and the 1600 cm À1 peak in the TER spectra of ABT adsorbed at the Au grain edges after UV irradiation (shown in Figure 4 B) are smaller than that of ABT adsorbed on Au terraces ( Supporting Information, Figure S14) , which also indicates that trans-to-cis isomerization of ABT took place predominantly at the grain edge of Au.
To understand the excitation mechanism in the photoisomerization, the electronic structure of ABT SAM on the Au surface and the density of states of the Au substrate should be taken into account. Tegeder and co-workers proposed a substrate-mediated charge transfer process for the photoisomerization of TBA on a Au surface. [7] UV light first generates hot holes in the Au d-band, which subsequently relax to the top of the d-band through an Auger decay. The hot holes undergo a charge transfer process to the HOMO of TBA, leading to the formation of transient positive ions, which may subsequently result in the isomerization of TBA. According to density functional theory (DFT) calculations (Supporting Information, Figure S15 ), the energy levels of the step edge Au atoms shift to higher values compared to those of Au atoms on the terrace because of unsaturation and a decrease in inter-atom coupling. [41] The higher the d-band center, the higher the reactivity. [42] Moreover, we calculated the total energy of trans-ABT isomers and cis-ABT isomers adsorbed on an Au terrace and a 2-atom step edge, respectively (see the Supporting Information, Figure S16 ). The reaction enthalpy of trans-to-cis isomerization at the 2-atom step edge is 0.61 eV, which is 13 % lower than that at the terrace (0.72 eV). Therefore, the cis isomers of ABT on step edges are thermodynamically more stable compared to those on terrace sites. It is fairly well established, for example, that the cis isomers of TBI are preferentially found on the herringbone reconstruction of Au, as observed from STM images because of the slight corrugation at these sites. [18] Moreover, because of the completely different geometry at grain edges, the molecular orientation of ABT molecules adsorbed at these sites is different from that of ABT molecules adsorbed at the terraces of Au, which could favor the trans-to-cis photoisomerization of ABT (Supporting Information, Figure S17) .
In summary, a low-cost TS Au substrate with a number of steps was fabricated and used for the investigation of photoisomerization of an ABT SAM using STM-TERS. TER spectra of ABT SAM before and after UV light illumination were collected. Based on the presence of the u sym (N = N) peak at 1525 cm À1 , the cis isomer of azobenzene thiol could be clearly distinguished from the trans isomer. The trans/cis conformational change of ABT molecules after UV light illumination was monitored by TER imaging. Furthermore, we discovered that the photoisomerization yield of ABT molecules at Au grain edges is higher than that on Au terraces because the cis-to-trans back-reaction rate is slower at the grain edges of Au. This is ascribed to the shift of d-bands to higher energy and the lower reaction enthalpy of trans-to-cis isomerization at Au steps, as confirmed by DFT. These results confirm a substrate-mediated charge transfer process for the photoisomerization of ABT on a Au surface. The ability to spatially distinguish the molecular vibrational features of molecules adsorbed at different surface sites will contribute to a better understanding of the photoisomerization mechanism of photoswitches bound to a metal surface.
